The fission yeast centromere, which is similar to metazoan centromeres, contains highly repetitive pericentromere sequences that are assembled into heterochromatin. This is required for the recruitment of cohesin and proper chromosome segregation. Surprisingly, the pericentromere replicates early in the S phase. Loss of heterochromatin causes this domain to become very sensitive to replication fork defects, leading to gross chromosome rearrangements. This review examines the interplay between components of DNA replication, heterochromatin assembly, and cohesin dynamics that ensures maintenance of genome stability and proper chromosome segregation.
Introduction
The centromere is the structural domain on the chromosome required for proper attachment of the spindle (reviewed in [1] ). Disruption in centromere function is associated with numerical chromosome instability (nCIN). It is increasingly clear that the centromere is a fragile site prone to structural instability (sCIN), particularly in cancer cells [2] [3] [4] . Defects in chromosome segregation can contribute to centromere-linked breaks and fusions (e.g., [5] ).
A source of stress may be the repetitive DNA sequences in the pericentromere (reviewed in [6, 7] ). Repetitive sequences throughout the genome are often fragile sites during replication (e.g, [8] [9] [10] [11] ; reviewed in [12] ). Silenced heterochromatin may provide partial protection against repeat rearrangement [6, 13, 14] . Indeed, heterochromatin repeats are destabilized in cancer cells [2, 3] , and loss of the heterochromatin protein HP1 (SpSwi6) is associated with cancer (reviewed in [15, 16] ).
In fission yeast, the heterochromatin structure is transiently disrupted during mitosis and re-established during the S phase [17, 18] . The centromere replicates early in the S phase, and this timing depends on Swi6 protein [19] [20] [21] . Swi6 is also essential for the recruitment of cohesin to the centromere, which is required for proper kinetochore attachment and chromosome segregation [22, 23] . Interestingly, both early replication and cohesion depend on the replication kinase DDK (DBF4 dependent kinase) [19, 24] ; thus replication dynamics are intimately involved in centromere function. Destabilizing the replication fork in cells lacking Swi6 enhances rearrangements and chromosome loss [14] .
Together, these observations emphasize that the centromere is a fragile element in the genome. Thus, there must be pathways to manage intrinsic stress and prevent centromere-driven instability. This review describes work largely from the fission yeast Schizosaccharomyces pombe, to examine how replication progression and centromere structure interact to maintain genome stability in this region.
DNA Replication

Assembly and Activation of the Replisome
The initiation of replication in eukaryotes is highly conserved and depends on the sequential assembly of proteins that specify potential origins (see other reviews in this issue; also [25, 26] ). The origin is initially marked by ORC, the origin recognition complex. ORC serves as a platform for the Cdc18 (Cdc6) and Cdt1 proteins, which in turn load the heterohexameric MCM helicase complex. Together these form the pre-Replication Complex, or preRC, which is assembled and poised for activation in late M or G1 phase.
The activation at individual origins depends on the contributions of two kinases, the cyclin-dependent kinase CDK and DDK. The cyclin dependent kinase CDK conveys a global cell cycle signal to initiate the S phase, while the Dfp1/DBF4-dependent DDK kinase activates the individual preRCs by phosphorylating MCM proteins and other substrates (reviewed in [27, 28] ). This activation allows recruitment of additional proteins Cdc45 and the GINS complex, which together convert the preRC into an active helicase called CMG (Cdc45-MCM-GINS) that travels with other components to form the replisome [29] . CMG makes direct contact with DNA polymerase ε, which is the processive leading strand polymerase [30, 31] .
Stability of the replisome requires that the unwinding activity of the helicase is coupled to the leading and lagging strand polymerases to prevent excess unwinding ahead of DNA synthesis (reviewed in [32] ). Mrc1 is a nonessential component of the replisome that couples the leading strand polymerase [33, 34] . It is part of a complex that includes Swi1 and Swi3 (Hs Timeless-Tipin, Sc Tof1-Csm3, also called the Fork Protection Complex or FPC; reviewed in [35] ). Similarly, the DNA polymerase α/primase complex that initiates lagging strand synthesis is coupled to CMG via a trimeric protein called Mcl1 (Sc Ctf4, Hs AND-1) [36, 37] . Together, these components ensure that DNA synthesis and unwinding are coordinated.
DNA Replication Stress Causes Genome Instability
Disruptions in the smooth progression of DNA synthesis can be caused by intrinsic stresses such as late replicating regions, repetitive sequences, or replication/transcription collisions (reviewed in [38] ). The genome regions that undergo stress may vary in different cell types, or be epigenetically modified; they often define chromosome fragile sites (CFS) that are particularly prone to breakage [39] . Breaks at CFS regions may be enhanced by low density of origins or defects in replication progression [12] . External insults also induce stress; these include drugs that inhibit DNA replication, disruptions in the ribonucleotide metabolism, or oncogene activation [38, 40, 41] .
A common feature of replication stress is the presence of increased single-strand DNA (ssDNA; [38, 42] ). This can result from uncoupling the helicase from the polymerases (e.g., [43, 44] ), which leads to the accumulation of excess ssDNA, allowing the potential for fork regression [45] as well as resection (e.g., [46] ). There is evidence that ssDNA can evade checkpoints, leading to abnormal mitosis, lagging chromosomes, and anaphase bridges [47, 48] . Accumulation of ssDNA is also associated with increased rates of clustered point mutations [49] . The cell uses the ssDNA-binding protein RPA (Replication Protein A) to monitor levels of ssDNA, and its presence contributes to the cell's damage response [42, 50] . If RPA levels are reduced, DNA breakage occurs [51] . Thus, the amount of ssDNA produced during stress helps to modulate the appropriate response.
The classic cell cycle model suggests that that accumulation of ssDNA and replication stress activate a checkpoint signaling cascade that arrests the cell cycle and promotes repair and recovery [52, 53] . There are multiple pathways to recover the fork [38, 40, 54, 55] . For example, cells may reprime an existing fork or restart it by recombination following fork regression. They may undergo lesion bypass by template switching; or they may activate dormant origins to provide a 'rescue replisome' to ensure replication of the fragile region. Homologous recombination proteins such as Rad51 have a key role in the restoration of the fork, even in the absence of breaks [40, 54] . If the fork cannot be restarted, it is said to collapse, generating double strand DNA breaks (DSBs), which can lead to chromosome rearrangements and mutations (e.g., [49, 56] ).
Persistent replication stress can result in DNA synthesis ongoing into mitosis and also generates abnormal chromosome segregation, which leads to loss of genome integrity [57] . Thus, a primary cause of death in replication-stressed yeast cells is not so much failure to replicate, as it is the attempt to divide with improperly replicated chromosomes (e.g., [58, 59] ).
Centromere Dynamics
Centromere Structure
Most eukaryotic centromeres are large DNA elements that include highly repetitive sequences packaged into structurally rigid heterochromatin (reviewed in [1, 60] ). This surrounds a central region marked by the centromere-specific histone H3 variant CENP-A (SpCnp1). Fission yeast centromeres are large elements that adhere to the typical eukaryotic model. Each contains a unique central core sequence (cc) containing Cnp1 CENP−A , flanked by two sets of repetitive sequences; the inner repeat (imr) unique to each centromere, and the outer repeats (otr), which contain multiple copies of the repetitive sequences dg, dh, and cen253, which are found in all three centromeres ( Figure 1 ; [61] ). Heterochromatin at otr is defined by the presence of methylated histone H3K9. This histone methyl-mark is established and maintained by the methyltransferase Clr4 SuVar3−9 [62, 63] (Figure 2 ). Unexpectedly, Clr4 is targeted to this domain by transient de-silencing during G1 and the S phase. This allows a brief wave of convergent transcription to produce short non-coding RNAs [17, 18] . These are processed by RNAi mechanisms and used to target Clr4 back to the site of transcription, re-establishing the methyl mark on newly incorporated histones [64, 65] . This targeting requires the chromodomain (CD) protein Chp1, which binds H3K9me with high affinity and, as part of the RITS complex, associates with siRNA [65] [66] [67] . chp1∆ causes a severe reduction in H3K9me but does not eliminate it entirely [68] [69] [70] . Finally, Chp1 is replaced by Swi6 HP1 , which also binds H3K9me through its conserved chromodomain to establish a transcriptionally silenced structure, required for efficient chromosome segregation (reviewed in [60]). In addition to its association via Chp1, Clr4 also interacts with Swi6 to promote the spreading of H3K9me, and, via its own chromodomain, it can bind H3K9me directly [71] [72] [73] . Association between Clr4 and the leading strand DNA polymerase ε [74] provides a mechanism to couple histone modification directly to the replication fork. Together, this ensures that levels of H3K9me increase as the S phase proceeds [17, 18] . This is a very simplified summary, as additional players that fine-tune the response continue to be identified (reviewed in [1, 60, 75] ).
Cells with mutations in swi6∆, chp1∆, or clr4∆ have moderate-to-severe silencing defects in the pericentromere, defects in chromosome segregation such as lagging chromosomes and chromosome loss (nCIN), and sensitivity to the spindle poison TBZ (e.g., [76] [77] [78] [79] ). Curiously, while swi6∆ and clr4∆ affect other heterochromatin domains in the cell, chp1∆ phenotypes appear centromere-specific, although the protein is associated with other regions [79, 80] .
Early Replication in the Centromere
The pericentromere contains numerous replication origins, which overlap with the transcription units that generate the siRNAs [81, 82] . Unlike most heterochromatin, the fission yeast otr region undergoes replication early in the S phase [21] . This depends upon Swi6 [19, 20] , which is recruited to the centromere shortly after mitosis [80] . Swi6 binds the DNA replication initiation kinase DDK through the kinase regulatory subunit, Dfp1 [24] . Disruption of the interaction between Swi6 and Dfp1 leads to late replication, and artificially tethering Dfp1 to the chromatin via the Swi6 chromodomain restores early replication in swi6∆ cells [19] , suggesting that Swi6 recruits DDK to help activate early replication in the centromere domain ( Figure 3 ). Importantly, this suggests that there is residual histone methylation remaining early in the S phase to be able to recruit chromodomain-containing proteins. Swi6 also associates with the origin binding proteins Cdc18 CDC6 and ORC and with DNA polymerase α ( [20, 83] ; and unpublished data); these observations place Swi6 at the preRC and at the fork. Somewhat paradoxically, ChIP analysis suggests that most of the Swi6 is removed from the centromere during mitosis and largely returns in the late S phase [17, 18] . Thus, there may be waves of Swi6 recruitment, with the second wave linked to the passage of the replication fork (e.g., via CAF1; [84] ) and bulk DNA synthesis.
Interestingly, DDK recruitment by Swi6 is not essential for early replication in the absence of histone methylation, because the clr4∆ mutant that blocks histone methylation replicates early [19, 20] . Early replication is also observed in chp1∆ mutants, but other mutations that significantly reduce H3K9me, such as the RNAi components dcr1∆, hrr1∆, or rdp1∆, cause late replication similar to swi6∆ [80] . This may reflect residual H3K9me and Chp1 binding in RNAi mutants [85, 86] , leading to the suggestion that it is not H3K9me per se but the Chp1 bound to it that results in late replication in this domain [87] . In this model, recruitment of ectopic DDK either directly antagonizes Chp1 or overcomes an inhibitory effect of Chp1 binding on replication origin activation ( Figure 3) .
Components of the replisome have been directly linked to heterochromatin maintenance. The DNA polymerase ε subunit Cdc20 is associated with the Rik1 methylation complex, and, in its absence, silencing and histone methylation are reduced [74] . The lagging strand DNA polymerase α (Swi7) and its coupling factor Mcl1 are also required for normal silencing and interact with Swi6 [83, 88] . Thus, proteins that write or read the histone methylation mark are directly linked to fork progression.
There may be a mechanistic requirement for early replication in the centromere domain. In S. cerevisiae, this is proposed to facilitate proper sister-kinetochore bi-orientation [58, 89] . There is no Swi6 to recruit DDK in S. cerevisiae, and evidence suggests that the kinase is recruited to the vicinity by its association with the kinetochore [90] . Failure to replicate properly leads to breakage and abnormalities during chromosome segregation in budding yeast and other species [4, 58] . Early replication in the centromere may also be linked to the recruitment of cohesin in this domain, which is essential for proper segregation (discussed below).
Genome Stress in the Centromere
The heterochromatic pericentromere has been associated with replication stress-induced breaks and rearrangements [91, 92] . The pericentromere is made up of repeated sequences, and such sequences are known to be prone to recombination or replication fork pausing (e.g., [8] [9] [10] ). From the M to the S phase, heterochromatin in the centromere is partly disrupted to allow transcription and siRNA production [17, 18] , creating a window of vulnerability. The unmasking of heterochromatin repeats during the S phase and leads to potential collisions between DNA and RNA polymerase. The RNAi proteins contribute to RNA polymerase eviction to reduce this possibility [82] .
Even in normal fission yeast cells, there is evidence for constitutive low levels of damage at the centromere, which leads to the phosphorylation of histone H2A(X) in the otr repeats [93] . This modification is typically associated with double strand breaks [94, 95] . The SMC5/6 protein complex, which is associated with genome maintenance during replication stress, is enriched at the centromere and other repetitive domains [96] [97] [98] [99] . Brc1, a BRCT-motif containing protein that binds γH2A(X) and also contributes to replication fork restart, is likewise enriched at the centromere, where its presence depends on Clr4 [100] . There are tRNA genes flanking the centromere repeats that act as barriers to heterochromatin spreading [101] [102] [103] . tRNAs are also known to be replication fork barriers [104] , so these natural pause sites may create intrinsic fragile domains even in an unperturbed S phase. Between natural replication fork barriers and repetitive sequences, the pericentromere seems primed for instability. There may be a requirement for this as, intriguingly, replication stress has been suggested to contribute to heterochromatin assembly (reviewed in [105] ). In addition, despite the very different structure of centromeres in the budding yeast, there is evidence for constitutive fork pausing, a form of replication stress, in that system as well [106] .
Recent studies suggest additional candidates that help to preserve the integrity of the pericentromere domain. Fission yeast has three homologues of the centromere associated protein Cenp-B; Abp1, Cbh1, and Cbh2 [107, 108] . This is an ancient family thought to derive from a transposase that is shared in most eukaryotes but missing from budding yeast [109] . Cenp-B homologues have been linked to origin binding and to centromere maintenance [107, 108, [110] [111] [112] . Importantly, they are also involved in resisting rearrangements at long terminal repeats (LTRs) that are associated with transposons throughout the genome [113, 114] . The Cenp-B proteins act antagonistically with a sequence-specific binding protein associated with fork arrest, Sap1 [113, 115, 116] . Sap1 is essential for viability, with mutants suffering centromere fragmentation and other evidence for genome instability [117, 118] . Its functions are also linked to the FPC proteins Swi1 and Swi3 [119] , which in turn are associated with replication of repetitive domains [120] . These complex interactions suggest that an additional function of the Cenp-B homologues at the centromere may be in countering the effects of stalled forks at the repetitive sequences of the outer repeats. It will be interesting to investigate more directly the role of fork stability in centromere integrity and heterochromatin assembly.
Importantly, fork stability mechanisms and heterochromatin work together to restrain instability. Heterochromatin is known to be refractory to recombination [121, 122] , and the kinetochore itself is also proposed to limit recombination in some systems [123] . Loss of heterochromatin proteins Swi6 or Chp1 causes synthetic growth defects and increased genome rearrangements especially when the replication fork is also destabilized, e.g., by a loss of the FPC [14] . Thus, replication fork processsivity associated with the FPC is of increased importance when repeated domains are destabilized.
However, there is evidence that recombination also contributes to the normal maintenance of the inner repeats imr that flank the central core. The inner repeat is conserved on either side of the core but is distinct in different centromeres [61, 124] and may form a loop [125] , leading to the suggestion that recombination mechanisms may preserve this domain [126] . Consistent with this, a study of a minichromosome derived from chromosome 3 identified the formation of isochromosomes, formed via recombination in the imr repeats [127] [128] [129] . The loss of recombination proteins Rad51 and Rad54 lead to an increased likelihood of rearrangement in this domain, which is dependent on the Mus81 endonuclease [127] [128] [129] . Mus81 is thought to convert fragile sites to double strand breaks [130, 131] , although it is unclear whether that is related to its function promoting centromere rearrangements. There are synthetic growth defects between swi6∆ and rad51∆ or mus81∆ [14, 82, 132] , which suggests that the mechanisms associated with recombination become particularly important when heterochromatin formation is impaired; again, this is consistent with a model in which heterochromatin opposes genome rearrangement.
Cohesion
Centromeres of sister chromatids are held together by two mechanisms (reviewed in [133, 134] ). The first is cohesin, a ring-shaped protein complex that is activated during replication to link newly synthesized sister chromatids together. The centromere is highly enriched in sister chromatid cohesion and cohesins play a key role in promoting kinetochore orientation and proper chromosome segregation [7, 134, 135] . As described above, in S. cerevisiae it is proposed that early replication timing is also required for proper kinetochore orientation, although the role of cohesin has not been verified [58, 89, 90] .
The details of cohesion establishment and subsequent removal are well reviewed elsewhere [7, 133, 134] . Briefly, during the S phase the cohesin complex is loaded and activated to cohere to newly duplicated sister chromatids together. Replication fork passage is accompanied by acetylation of the cohesion complex, which stabilizes its association. During prophase, arm cohesion is removed in most organisms; centromere cohesin undergoes proteolytic cleavage during anaphase to allow the sister chromatids to complete their separation.
Components of the replisome are linked to cohesion establishment in fission yeast, including the coupling proteins Swi1, Swi3, and Mcl1 [136, 137] , and there is evidence for an association with core components of the replication fork, such as MCMs in other systems [138] [139] [140] [141] [142] . Cohesion at the centromere additionally depends upon Swi6 [22, 23] and is mediated in part by DDK, which promotes cohesin phosphorylation [24] . Intriguingly, this requirement for Swi6 in cohesion can be genetically separated from the role of Swi6 in heterochromatin formation [143] . This separation-of-function analysis indicates that chromosome segregation defects associated with a loss of Swi6 reflect a loss of centromere cohesion rather than defects in transcriptional silencing in this domain.
Replicating chromatids are also physically entangled by sister chromatid intertwinings (SCI) that occur as a consequence of replication progression (reviewed in [133, 134, 144] ). This may reflect regions of unreplicated DNA or, more commonly, entangled sister chromatids or catenanes that require resolution by topoisomerase II. Importantly, one class of SCI is detected between sister centromeres and visualized as ultra-fine anaphase bridges (UFBs) [145] . These threads of ssDNA cannot be seen with typical DNA intercalating dyes or with histone labels but can be visualized by binding by ssDNA binding proteins, including RPA and the BLM helicase [47, 48, 59, 146] . There is evidence that UFBs are linked to under-replicated DNA at fragile sites (e.g., [4, 48] ), but evidence also suggests that the centromere-associated UFBs are a normal feature of mitosis (reviewed in [145] ). Increased UFBs in fission yeast are observed in mutants that suffer replication stress, although it is not clear whether these are centromere-associated [47, 59] .
Catenanes are preserved by the presence of cohesion because their resolution correlates to decreased cohesion, particularly on the arms [147] [148] [149] [150] . Recent studies suggest that bidirectional topoisomerase activity continues during G2/M on cohered chromosomes, allowing both increased and decreased entanglements [151] . Driving the reaction to favor decatenation depends upon cohesin removal, as well as chromosome condensation at anaphase [148, [151] [152] [153] .
In addition to linking sister chromatids and contributing to centromere function, cohesin also plays key roles in organizing the genome for DNA replication, in responding to replication stress, and in facilitating DNA repair in multiple systems (e.g., [138, [154] [155] [156] [157] [158] [159] ). The natural instability of the pericentromere repeats, described above, may also facilitate the recruitment of cohesin and be one means of linking replication stress to heterochromatin, as proposed in [105] .
Conclusions
The pericentromeres in S. pombe contain long tracts of repeated sequences that are protected by classic heterochromatin, including histone H3K9 methylation and the binding of Swi6, a homologue of heterochromatin protein 1 (HP-1). This structure is similar to that observed in mammalian cells. The heterochromatin is cyclically disrupted during mitosis and re-formed during DNA replication. Evidence suggests that these repeated sequences are intrinsically unstable, as indicated by increased levels of histone H2A(X) phosphorylation [93] . A simple model suggests that the assembly of heterochromatin protects the repeats from rearrangement during the S phase. Swi6 is required for early replication timing in the pericentromere, at least in part by the recruitment of the DDK replication initiation kinase [19, 80] . In addition to causing late centromere replication, swi6∆ cells are particularly sensitive to loss of the fork protection complex, and double mutants are prone to rearrangements [14] . However, early replication is not sufficient to maintain genome stability in this domain; early replication also occurs in clr4∆ mutants, yet these are also sensitive to loss of the FPC [14, 19, 80] . This suggests that some function associated with Swi6, and not limited to early replication, is important to maintain stability in the pericentromere.
Transcriptional repression in the pericentromere, associated with heterochromatin, may limit the potential for collisions between the replication and transcription apparatus ( [82] ; reviewed in [160, 161] ). This depends upon the RNAi mechanism, but dcr1∆ mutants do not destabilize the pericentromere to the same extent as swi6∆ [14] , suggesting this is not the primary agent of instability. Another mechanism that may contribute is the recruitment of cohesin, which depends on Swi6 (and thus, Clr4) but is independent of Swi6's silencing function [22, 23, 143] . Consistent with this, DDK and the replisome associated proteins of the FPC and Mcl1 are also associated with the proper activation of cohesin (e.g., [24, 136, 137] ). However, rearrangements in the pericentromere domain do not occur in mis4 mutants that have reduced cohesion [14, 162] , although that could be a limitation of the allele examined. Resolution of SCIs is a third candidate mechanism that may be disrupted in swi6∆ cells and promote instability; more detailed cytological analysis and an investigation of topoisomerase II dynamics will be required to investigate this possibility. Finally, defects in replication fork pausing, which in some regions depend on the FPC [163, 164] , may exacerbate the instability of Swi6-deficieint pericentromere repeats. Heterochromatin spreading is partly limited by tRNA genes, which are known to contribute to fork pausing [101] [102] [103] [104] . The intriguing overlap of the fork termination protein Sap1 and Cenp-B homologues in the limiting rearrangement of LTR repeats elsewhere in the genome (e.g., [113, 114] ) and suggests that one function for the Cenp-B homologues at the centromere may be limiting rearrangements.
Recent studies have investigated the replication of repetitive sequences associated with human centromeres [165, 166] . For example, enrichment of the ORC complex binds to alpha-satellite in the absence of CENP-B, indicating that CENP-B may regulate the replication of centromeric regions [165] . Particularly intriguing is that Aze et al. [166] used artificial chromosomes in a Xenopus system to examine the replication of repetitive elements of centromeric DNA of human chromosome 17. These sequences showed enrichment of DNA repair factors, including the MSH2/MSH6 complex, MRN, and Mus81, as well as condensin. Significantly, they observed reduced binding of RPA and TopBP1, both in unperturbed cells and under conditions of replication stress, leading to reduced checkpoint activation. This reduced activation correlates with the formation of topoisomerase-dependent DNA loops, suggesting that more complex structures contribute to stability of the centromere domain.
These observations suggest that understanding how replication dynamics in the fission yeast pericentromere contribute to maintaining genome stability in a natural fragile site is likely to have relevance for centromere function in mammalian systems as well. 
